The impact of hydrodynamic injection on liver structure was evaluated in mice using various microscopic techniques. Upon hydrodynamic injection of approximately 9% of body weight by volume, the liver rapidly expanded, reaching maximal size at the end of the injection and returned to its original size in 30 min. Histological analysis revealed a swollen appearance in the peri-central region of the liver where delivery of genes and fluorescence-labeled markers was observed. Scanning and transmission electron microscopy showed enlargement and rupture of endothelium that in about 24-48 h regains its morphology and normal function as a barrier against infection by adenovirus viral particles. At the cellular level in hydrodynamically treated animals, four types of hepatocytes were seen: cells with normal appearance; cells with enriched vesicles in the cytoplasm; cells with lightly stained cytosol; and cells with significant dilution of the cytoplasm. In addition, red blood cells and platelets were observed in the space of Disse and even inside hepatocytes. Vesicle formation is triggered by hydrodynamic injection and resembles the process of macropinocytosis. These results, whereas confirming the physical nature of hydrodynamic delivery, are important for a better understanding of this efficient method for intrahepatic gene and small interfering RNA delivery.
Introduction
Efforts to introduce DNA and small interfering RNA (siRNA) into cells have paved the way for elucidating the physiological and therapeutic functions of genetic sequences in the context of whole animals. A crucial issue yet to be resolved is an effective procedure by which nucleic acid sequences can be safely and effectively introduced into cells of a target tissue. In the past few years, the method of hydrodynamic delivery 1,2 has provided a new means for delivery of nucleic acids to hepatocytes in rodents. [3] [4] [5] Since its establishment, this technique has been widely used for function analysis of coding [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] and non-coding sequences, [23] [24] [25] [26] [27] [28] [29] and for assessment of therapeutic potential of selected DNA and RNA sequences in animal models. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [30] [31] [32] [33] In addition, hydrodynamic delivery of siRNA, short hairpin RNA (shRNA) or plasmid constructs encoding an shRNA has been employed to suppress gene expression in vivo. [30] [31] [32] [33] More recent studies have revealed that hydrodynamic delivery can significantly enhance the transduction efficiency of viral vectors. 34, 35 Two parameters are critical for hydrodynamic gene delivery, the volume and the speed of injection.
Mechanistic studies in mice revealed that intracellular gene transfer by hydrodynamic delivery is driven by the physical force generated by the rapid injection of a large volume of solution into the systemic circulation. 36 This method of gene delivery to mouse hepatocytes involves enlargement of liver fenestrae and generation of transient pores in the plasma membrane of hepatocytes of the liver. Apparently, the enhanced intravascular pressure and the shear force owing to rapid flow of hydrodynamically injected solution may induce structural changes in the liver. The current study took a systematic approach using microscopic techniques to evaluate the structural impact of hydrodynamic injection on the liver. The objective of the study was to reveal structural changes in the liver and to demonstrate how mouse liver copes with the changes induced by hydrodynamic injection.
Results

Hydrodynamic injection expands the liver
It was expected that hydrodynamic injection would expand the liver owing to its elastic structure and the retrograde flow of injected solution from the inferior vena cava (IVC) into the hepatic vein. 1, 36, 37 To provide a quantitative assessment on the change inside the liver during and after the injection, we recorded digital video images of mouse liver subjected to hydrodynamic injection (1.8 ml solution injected within 5 s into 20 g mice) via the IVC and calculated the volume change of the liver with time. The physical appearances of the liver before, immediately after, and 30 s after the injection are shown in Figure 1a . For comparison, slow injection of the same volume of solution delivered over 60 s was also performed (Figure 1b) . At the end of hydrodynamic injection, liver became swollen and slightly pale ( Figure  1a) . In contrast, a slow injection with same volume of saline resulted in less liver expansion and less color change (Figure 1b) . Thirty seconds after the injection, both livers remained swollen but the normal red color returned in the hydrodynamically treated liver. Timedependent changes in the liver size for both hydrodynamic and conventional injection are shown in Figure  1c . In both cases, maximal liver size was reached on completion of the injections. The peak size of the liver after hydrodynamic injection was about 237+11% of original size, compared to 143+9% after slow injection. It took approximately 30 min for a hydrodynamically treated liver to return to its original size, 15 min longer than the livers receiving the slow injection.
Hydrodynamic injection transiently increases intravascular pressure across the liver
We have previously shown that hydrodynamic injection via the tail vein generates a transient pressure increase in the IVC. 36 We hypothesized that this elevated pressure in the IVC drives the injected solution into the liver via the hepatic vein. To assess the pressure changes across the liver in real time and establish the relationship between intrahepatic pressure and liver expansion, we employed a two-pressure detector system with one detector inserted into the portal vein (PV) and the other into the IVC. As is shown schematically in Figure 2A , a three-way connector was used at the injection site to link a syringe, pressure detector and a catheter. Figures 2Ba, b, e and f illustrate the rapid rise of IVC and portal pressure under hydrodynamic condition, compared to a much slower pressure increase for slow injection (Figures 2Bc, d , g and h). On rapid injection, the pressure in both the IVC and PV peaked at around 30 mm Hg at the end of injection. The peak pressure for slow injection was around 10 mm Hg. It took less than 3 min for pressure to come down to basal level. The pressure profiles for either IVC or PV injection were the same, suggesting a well-connected vasculature across the liver.
Histological evaluation
Histological techniques were employed to examine the impact of hydrodynamic injection on the liver. Animals were killed immediately after the injection in order to assess direct impact on liver structure. However, it normally takes approximately 5 min after the injection to anesthetize an animal and perfuse the liver before fixation. The overall impact of hydrodynamic injection on liver structure was first examined under a light microscope and Figure 3a shows histological structure of a liver section from a hydrodynamically treated mouse. Judging by its appearance, two regions were readily Structural impact of hydrodynamic injection T Suda et al identifiable, one with swelling (highly impacted area) and the other with normal appearance (less impacted area). The highly impacted area appears to be centered on the central vein and the less impacted region is near the portal region. At higher magnification, cells with lightly stained cytoplasm are seen in the boundary of highly and less impacted area ( Figure 3b ). The cytoplasm of some of these cells appears diluted and the cellular structure enlarged. Cells in the peri-portal area exhibit normal dark blue staining. Clustered red blood cells were also seen in blood vessels (Figure 3c ), indicating that structural changes had occurred such that blood cells were trapped in part of liver vasculature, even though the liver was thoroughly perfused before fixation.
Substances are delivered into cells in the highly impacted peri-central region
Three substances were used to map the site of hydrodynamic delivery in the liver. Figure 3d shows cellular uptake of Evans Blue in a mouse liver. Figure 3e is a confocal micrograph of liver section from an animal hydrodynamically injected with fluorescein isothiocyanate-labeled bovine serum albumin (FITC-BSA). The micrograph in Figure 3f shows distribution of b-galactosidase in mouse liver from an animal hydrodynamically transfected with pCMV-Lac Z plasmids. Collectively, the patched or clustered distribution for all three markers is very similar to the pattern of swollen liver structure shown in Figure 3a , suggesting that hydrodynamic injection delivers substances into cells in the highly impacted peri-central region and not into those in the less impacted peri-portal area.
Evaluation on hydrodynamic injection-induced structure by electron microscopy Transmission electron microscopy (TEM) was employed to identify changes at subcellular level after hydrodynamic injection. A pattern typical of macropinocytosis was identified in the hydrodynamically treated mouse liver. Compared to the control (Figure 4a ), a significant number of intracellular vesicles were seen in hydrodynamically treated animal liver ( Figure 4b ). These vesicles vary in size ranging from 0.5 to 5 mm. Some of the vesicles are clustered together in the cytosol and others were nearby or even inside the nucleus. A membrane-like structure appearing to seal off the entry site of invaginated plasma membrane is shown in micrographs (e) and (f) (arrowheads). Debris consisting of membrane-like structure was shown inside the vesicle of micrograph (f) (arrow). Animals were hydrodynamically injected with saline at 9% body weight and killed 5 min after injection. Liver sections were prepared and examined according to procedure described in Materials and methods section. Bar ¼ 2 mm in (a, b); 1 mm in (c, d); 500 nm in (e); 200 nm in (f). Bars in inset of (d) ¼ 100 nm.
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Hydrodynamics-based procedure induces transient and reversible changes in endothelial structure
Scanning electron microscopy (SEM) was employed to reveal the impact of hydrodynamic injection on the sinusoidal structures of the liver. Compared to the control group (Figure 6a ), enlarged fenestrae were evident in the micrograph of liver segment from a treated mouse (Figure 6b ). The rough appearance in the cytoplasm and the presence of platelets in the identified hepatocyte confirm that this is a hydrodynamically impacted cell. A red blood cell in the space of Disse is also shown in this micrograph. Figure 6c shows the presence of multiple red blood cells in one hepatocyte with surrounding cells looking normal. A hole in a hepatocyte with part of membrane torn off is shown in Figure 6d . SEM was also employed to monitor the timedependent changes in the liver sinusoidal structure of animals after hydrodynamic injection. After disruption of endothelium by hydrodynamic treatment, binding of platelets was seen along the damaged endothelium after 10 min (Figure 6e) . At 24 h post-injection, it became difficult to find disrupted endothelium and significant level of endothelium healing appeared to have taken place (Figure 6f ). Functional recovery of endothelium over time was demonstrated using adenoviral vectors. We treated animals with a hydrodynamic injection of saline followed by infusion of 10 10 luciferase adenoviral vectors at different time intervals. It was previously shown that hydrodynamic injection significantly enhances transduction efficiency of adenoviruses in mouse liver owing to enhanced permeability of the liver endothelium. 35 To take advantage of this report, we separated hydrodynamic treatment of mice from injection of adenoviral vectors. We reasoned that if we inject viral vectors at different times after the hydrodynamic treatment, the level of reporter gene expression obtained from viral transduction should be high at earlier time point (short time interval between two injections) owing to presence of disrupted endothelium resulted from hydrodynamic injection. Viral injection at later time after the endothelium recovers from the hydrodynamic injection will generate lower reporter gene expression with same amount of viral vectors. Data in Figure 7 show that 10 10 adenoviral particles with a conventional tail vein injection (200 ml, slow injection) generate luciferase expression in the liver at 2 Â 10 4 relative light unit (RLU)/mg level. However, when same amount of adenoviral vectors were injected immediately after hydrodynamic injection, luciferase activity obtained in the liver was 
Discussion
The liver is known for its expandable structure owing to its extensive vascularization. Hydrodynamic injection of 9% of body weight of saline in volume induces up to a 240% expansion of its original size compared to approximately one-third of that increase when a slow injection of the same volume of solution was employed (Figure 1c) . The difference in liver expansion between slow and rapid injection is likely due to more solution distributing into the regular circulation from the IVC to the pulmonary circulation from the slow injection compared to the hydrodynamics-based procedure where a significantly large portion enters the liver via a retrograde route. 1, 36, 37 Results in Figure 2 suggest that liver expansion coincides with the increase in intravascular pressure during the injection. It is apparent that the combination of large volume and high injection rate is effective in expanding the liver vasculature. On the other hand, reduction of the overall liver size post-injection is the result of body-wide redistribution of the injected solution.
Intravascular pressure in the liver reaches its maximum at the end of injection (Figures 1 and 2) . However, decline in intravascular pressure ( Figure 2B ) was much faster than reduction in liver size (Figure 1c) . Intravascular pressure at both the IVC and PV dropped sharply right after the end of injection followed by a slower decline and reached near the basal level within 3 min (Figure 2 ). However, it took approximately 30 min for a hydrodynamically treated liver to return to its original size. This difference may suggest that by end of the injection, the hydrodynamically injected solution has stretched the liver and caused structural changes at the tissue and cellular level. These tissue and cellular changes include enlargement of liver fenestrae (Figure  6b ), disruption of sinusoidal endothelium (Figures 5a  and 6b) , and invagination of hepatocyte plasma membrane and formation of intracellular vesicles (Figures 4b-f) . Direct disruption of the plasma membrane to allow the injected solution to enter hepatocytes is another possibility. Hence, the changes in liver endothelium and increases in cytoplasmic vesicles shown in this and another study 37 appear to be the consequence of hydrodynamic injection and explain the sharp drop in the intrahepatic pressure.
One of the most important observations associated with hydrodynamic injection is its heterogeneous impact on the liver at the cellular level. Significant morphological differences between cells in the peri-central and peri-portal regions were observed (Figure 3) . In addition to a swelled appearance (Figure 3a ), more cells in the peri-central region exhibited less staining density in the cytosol, indicating cytosolic dilution in these cells. Collective evidence with three different markers shown in Figures 3d-f suggests that the lightly stained cells in the peri-central region are the hydrodynamically impacted cells receiving the intracellular delivery. It is important to point out that normally appearing cells were also seen in this highly impacted region. In general, cells in the peri-portal region appear normal and it is rare to see cells with lightly stained cytosol. The structural alterations after hydrodynamic injection appear to center on peri-central region of the liver.
The fact that the intravascular pressure in the IVC and PV was identical during and after hydrodynamic injection (Figure 2) suggests that shear force generated by hydrodynamic injection could play an important role in inducing liver changes. It is possible that the hydrodynamically injected solution generates a higher shear force in the peri-central region owing to the direct connection to the hepatic vein and the retrograde entrance of the injected solution into the liver.
On the other hand, shear force at the peri-portal region would be smaller due to the curved sinusoids and further away from the entry site of hydrodynamically injected solution. Shear force due to increased flow rate is likely the cause for changes in the fenestrae. In principle, shear stress applied by rapid flow of the injected solution to highly tortuous and fenestrated endothelium could tear the endothelium directly from the lumen or from the space of Disse when the solution is forced into the space between hepatocytes and endothelium. However, as suggested by both morphological observation and functional test using reporter gene containing adenoviral vectors (Figure 7) , such destruction is clearly reversible. The functional recovery of the endothelium shown in Figure 7 suggests that hydrodynamic delivery could become a safe and useful means to overcome the endothelial barrier for parenchymal cell delivery.
An important observation revealed by the current study and by Crespo et al 37 is the correlation between hydrodynamic injection and enrichment of intracellular vesicles in hepatocytes, especially near the peri-central region. Although varying in size (0.5-5 mm in diameter), these vesicles are surrounded by a membrane (Figure 4d 
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T Suda et al and bear some resemblance to the structure of macropinocytotic vesicles, which sometime migrate deep into the cytoplasm. The tunnel-like structure with a wide opening at the membrane (Figure 4e ) represents an example of the hydrodynamically influenced membrane internalization process. These results indicate that hepatocyte plasma membrane on the lumen side could be pushed inward from the membrane surface. In principle, depending on the force applied by the hydrodynamic injection on different parts of cell membrane, vesicles formed could be small or large, or pushed deep into a cell or remain near the membrane surface. As one cell could be impacted many times during a short injection period, multiple vesicles of various sizes could be formed. Evidently, additional efforts are needed to study the relationship between the hydrodynamic injection and vesicle formation. The mechanisms underlying the vesicle formation, their impact on cytosolic/nuclear delivery and their fate are yet to be elucidated. Cells with lightly stained cytosol in the highly impact peri-central region were identified (Figures 3a and b) . The less electron dense appearance in the cytoplasm suggests that the hydrodynamically injected solution had entered the cells. The cytosolic dilution could be resulted from the solution leaked out of the vesicles or from direct entry of the injected solution from broken plasma membrane, or from both. It is important to note and as is evident in Figure 5 , that cell damage can also occur when too much highly pressurized solution enters the cells. The fact that red blood cells and platelets were found inside the hepatocytes with normally staining cytosol and nucleus ( Figures 5 and 6 ) indicates a high degree of flexibility of a hepatocyte in adapting to the intracellular changes. Further studies are needed to see if macropinocytosis can be utilized for cytosoplasmic/ nuclear delivery.
In summary, hydrodynamic injection via the tail vein induces significant changes in the liver. It causes endothelial rupture and transfer of injected solution directly into hepatocytes, especially near the peri-central region. The impact at the cellular level is heterogeneous. Both impacted and normal cells were seen in the liver. Impacted cells include those with lightly stained cytosol, those with multiple vesicles, cells with significant loss of cellular content and those with red blood cells and/or platelets inside. Shear force is likely to play an important role in hydrodynamic delivery. Most importantly, hydrodynamic injection-induced changes are rapidly reversible at the cellular level and the procedure does not cause long-term tissue damage. 
Materials and methods
Animals and surgery
Unless otherwise stated, female CD-1 mice were injected via the tail vein with 9% of body weight of saline in either 5 s (hydrodynamic injection) or 60 s (conventional slow injection). At specific times, animals were anesthetized with a 12 mg intraperitoneal injection of 2,2.2-tribromoethanol and the livers processed.
Real-time measurement of liver size
Digital images were captured simultaneously from two different angles using DSC-S60 digital cameras (Sony, Tokyo, Japan). Small triangular patches were placed on the surface of the middle and left lobes of the liver before injection via the IVC. Video images were taken during and after the injection. The interior and exterior orientation parameters and target coordinates in the images were calculated based on a bundle adjustment method using three-dimensional photo software. The volumes of two tetrahedrons defined by four target points were calculated based on Euler's tetrahedron formula. The precision of our video image system employed, as assessed by six individual measurements of distance between two points, is at 99.971.1%.
Intravascular pressure measurement
An abdominal incision was made in anesthetized animals to expose the internal organs in the peritoneal cavity. Saline-filled catheters were inserted into both the IVC and PV. A miniature pressure detector (Milar, TX, USA) was inserted into the catheter at the injection site through a three-way connector. The catheter inserted into the site opposite to the injection site over the liver parenchyma was connected to a Statham Pressure Transducer Model P23ID (Gould Statham, Oxnard, CA, USA). The experimental set up is presented schematically in Figure 2A . Real-time pressure changes were continuously monitored on a Grass polygraph (Grass Instrument, Quincy, MA, USA).
Confocal microscopy
Sixty micrograms of BSA in 2 ml phosphate-buffered saline (PBS) was labeled with 2 mg of FITC dissolved in 100 ml of dimethyl sulfoxide for 2 h in the dark. The labeled protein was separated from free dye using a PD-10 desalting column equilibrated in PBS. The labeled BSA was diluted in saline to 1 mg/ml and injected into the animals by the hydrodynamic protocol. Five minutes after injection, animals were perfused via the IVC first with 5 ml saline followed by 5 ml fixative (5% freshly prepared paraformaldehyde in PBS). The liver was cut into 0.5 Â 0.5 cm segments, fixed in the fixative overnight at 41C and treated with 20% sucrose for 24 h. The tissue samples were then deep frozen in liquid nitrogen-cold isobutene. The frozen tissue blocks were embedded with low molecular weight polyethylene glycol. Ten-micrometer sections were made and mounted onto a glass slide. The tissue sections were stained briefly for nuclei with 0.1 mg/ml propidium iodide, and examined by confocal microscopy (Olympus, Malvern, NY, USA) using filters set for FITC and rhodamine.
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Fluorescence microscopy
Using the hydrodynamic procedure, mice were injected with saline containing 3.0 mg of Evans Blue. Six hours later the animals were killed, the livers removed and immediately frozen in powdered dry ice. Liver sections (10 mm of thickness) were made using a Cryostat and immediately examined by fluorescence microscopy using a filter set for rhodamine.
Liver perfusion and processing for light microscopy and ultrastructural analysis For both SEM and TEM following either hydrodynamic injection or slow injection, mouse livers were cleared of blood by perfusion through the IVC at 2 ml/min with 5 ml of PBS. An incision was made in the PV to create an outlet for the perfusion solution. Fifteen milliliters of 2.5% glutaraldehyde in PBS was then perfused through the IVC at the same rate. The livers were then quickly removed and immersed in 2.5% glutaraldehyde at 41C for 2 days. At this point, small samples of the livers were reserved and processed for light microscopy or TEM as described previously. 38 Semi-thin sections (300 nm) for light microscopy were heated onto glass slides, stained with filtered 0.5% aqueous toluidine blue and rinsed with water. For SEM, fixed liver samples were sliced into approximately 3 mm thick sections. After three 15-min washes in PBS, the sections were post-fixed for 6 h in 1% aqueous OsO 4 at room temperature. After five additional 15-min washes with PBS, the samples were dehydrated with a graded series of 30-100% ethanol, and then critical-point-dried using an Emscope CPD 750 critical point drier. The samples were then sputter-coated with 3.5 nm gold/palladium, viewed under a JEOL JSM-6330F scanning electron microscope, and the images taken with the interactive Quartz PCI image system.
Analysis of adenoviral vector-mediated luciferase gene expression
Animals were hydrodynamically injected with saline of 9% body weight in volume followed, at different times, by infusion of 200 ml of adenoviral vectors (10 10 viral particles) (kindly provided by Dr Song Li, University of Pittsburgh School of Pharmacy) containing the luciferase reporter. Thirty hours post-viral injection, the animals were killed and approximately 200 mg of liver sample were collected and added to 1 ml of lysis buffer (0.1 M Tris-HCl, 2 mM EDTA, 0.1% Triton X-100, pH 7.8). The samples were homogenized using a tissue Tearor and centrifuged for 10 min at 41C and 10 000 g in a microcentrifuge. Ten microliters of supernatant were then used for measurement of luciferase activity using an automatic luminometer (AutoLumat LB 953, EG&G Berthold, Bad Wildad, Germany), which pumps 100 ml of luciferase assay reagent and measures photons for 10 s. Protein concentrations of the liver extract were determined by Bradford's method using a protein assay kit (Bio-Rad, Hercules, CA, USA). Luciferase activity was normalized to RLU per mg of extracted protein.
Expression of b-galactosidase gene in the liver
Histochemical staining for b-galactosidase in the liver was performed 8 h post-injection according to the method described previously. 1 Briefly, mouse liver was frozen in powdered dry ice immediately after dissection.
Liver sections (10 mm thickness) were made using a Cryostat and fixed with 1% glutaraldehyde solution. The sections were then stained for 2 h at room temperature in 400 mg/ml X-gal solution and counterstained with eosin.
